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Abstract 
The use of antifreeze in a water mist fire suppression system offers a potential alternative to the current 
applications of these systems in subfreezing environments. Design and development of these systems 
however, would require quantitative data on the effect of factors such as small droplet sizes and/or higher 
system pressures which is currently unknown. This study investigates the use of antifreeze of various 
chemical compositions and concentrations in water mist systems by measuring and quantifying variables 
that affect spray characteristics, indicate the potential risk of system failure, and evaluate the interactions 
of the discharged agent with the fire. Extensive testing and analysis demonstrated that no antifreeze 
solution behaves ideally with respect to all three categories of variables; however some antifreeze 
solutions are potentially suitable in certain applications. Some of the antifreezes tested should not be used 
above a certain concentration in high pressure systems due the solution flammability and the resulting 
contribution to the heat release rate of the fire. The impact of all other tested pressures and concentrations 
on the heat release rate of the fire was less significant, and these solutions are potentially suitable for use 
in water mist systems once spray performance and potential risk of system failure are considered. 
Ignitibility of the antifreeze discharge was proven to be a function of antifreeze solution concentration 
and droplet size. Future testing should determine the threshold droplet size for ignition of antifreeze 
discharge and at what point changes in antifreeze solution properties begin to significantly impact droplet 
size in subfreezing environments.  
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Introduction 
The use of antifreeze in a water mist fire suppression system offers a potential alternative to the current 
applications of these systems in subfreezing environments. Water mist systems are currently used to 
provide fire suppression in many types of commercial and industrial hazards, including marine 
applications, historic buildings, and electronic equipment rooms [1]. Where portions of the system are 
exposed to subfreezing temperatures in these applications, alternatives to the conventional wet-pipe 
system are required to ensure proper operation. Traditional sprinkler systems have solved this issue by 
removing the water from the pipes using dry-pipe systems, or through the addition of antifreeze agents in 
portions of the system piping. This provides two unique solutions which allow for fire suppression in 
subfreezing environments and the application will dictate which solution is most appropriate.  
In water mist systems however, dry-pipe systems have been accepted, yet antifreeze-protected 
systems have yet to be widely used. An antifreeze-protected water mist system may be advantageous over 
dry-pipe systems when water delivery time is important, the entire system is not subject to freezing, or 
when adequate compressed gas cannot be delivered to pressurize the system during non-activation 
periods. However, it is unknown how a water mist system utilizing an antifreeze solution would perform 
with respect to spray performance, potential risk of system failure, and interactions of the discharged 
agent with the fire. This lack of technical knowledge regarding the incorporation of antifreeze into water 
mist systems has prevented the widespread development and acceptance of such systems thus far. 
Water mist and traditional sprinklers 
Two forms of fire suppression commonly utilized in subfreezing environments are traditional sprinkler 
systems and water mist systems. Although fine sprays were known to be effective, the first significant 
work involving water mist systems was conducted by UL in [2]. Water mist systems garnished more 
interest in the early 1990’s, following the international adoption of the Montreal Protocol. This restricted 
the production of ozone-depleting chemicals and resulted in the phasing out of Halon in favor of more 
environmentally friendly fire suppression technologies [3].  In 1996, the National Fire Protection Agency 
(NFPA) published NFPA 750: Standard on Water Mist Fire Protection Systems, the first fire protection 
standard on water mist. This standard defines water mist as a spray for which 99% of the mass of a 
representative sample of the spray is contained in droplets with diameter less than 1000 microns [4].  
The components and operating conditions of a water mist system differ significantly from those 
of a fire sprinkler system. Table 1 highlights these differences with respect to droplet size, operating 
pressure, volumetric flow rate, nominal system pipe diameter, and pipe material. The primary advantage 
of water mist over traditional sprinkler systems is the reduced water demand resulting from the higher 
operating pressures and lower volumetric flow rate [4]. Lower water flow rates allow for reduced pipe 
size, which decreases the overall system weight, simplifying installation. These benefits make water mist 
systems an advantageous alternative to traditional sprinkler systems in specific applications where low 
water discharge is crucial, such as museums, and where lower system weight is crucial, such as on ships.   
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              Table 1. Comparisons of Traditional Sprinklers and Water Mist Sprinklers [4,5] 
System Property Water Mist Systems Traditional Sprinklers 
Droplet Size Less than 1000 microns Between 1 and 5 mm 
Operating Pressure 
Less than 12 bar to greater than 
34.5 bar  
Max. 12 bar  
Volumetric Flow 
Rate 
Between 7.6 and 37.9 L/min Approximately 113.6 L/min 
Nominal Pipe 
Diameter 
Between  12.7 and 50.8 mm  Between 25.4 and 152.4 mm 
Pipe Material Stainless steel and copper alloys 
Steel, copper alloys, and 
plastics 
 
The spray density and droplet size distribution produced by a water mist system result in additional 
extinguishing mechanisms as compared to a traditional sprinkler system. In a traditional sprinkler system, 
the primary extinguishing mechanisms are absorption of heat and wetting of the fuel source. Heat is 
absorbed by the spray itself as it penetrates the fire plume and reaches the fuel surface or when the drops 
vaporize upon contact with the superheated air surrounding the fire. This is aided by the wetting of the 
fuel source since the water must be driven off the fuel before it can continue to vaporize and ignite.  In 
addition to these mechanisms, in water mist systems, the small water mist droplets also displace oxygen 
and dilute fuel vapor [6]. As the droplets absorb heat and evaporate into steam, they expand up to 1700 
times in volume and push away the surrounding gases. The addition of water vapor to the gas mixture 
also dilutes the fuel vapor reducing the flammability of the mixture. 
Fire suppression systems in subfreezing environments  
Traditional sprinkler systems utilize two different system arrangements to protect against fire in 
subfreezing environments: dry pipe systems and wet-pipe systems where piping exposed to subfreezing 
temperatures is filled with antifreeze solution. A dry-pipe system utilizes pressurized air, nitrogen, or inert 
gas to keep a valve shut, preventing water from entering the system piping until the system is activated 
[4]. The purpose of this design approach is to allow for effective fire suppression in subfreezing 
environments without concerns of water freezing in the pipes. A wet-pipe antifreeze system, on the other 
hand, relies on antifreeze to protect exposed portions of the system piping from freezing, and upon 
activation, discharges the antifreeze solution on the fire, followed by water.   
A wet-pipe antifreeze system may be advantageous over dry pipe systems when water delivery 
time is important, the entire system is not subject to freezing, or when adequate compressed gas cannot be 
delivered to pressurize the standby dry system [7]. This holds true for both traditional sprinklers and 
water mist systems, and indicates that a wet-pipe water mist system protected with antifreeze merits 
consideration.  However, the use of antifreeze in water mist systems to support various applications in 
subfreezing environments has not been considered; unlike traditional sprinkler systems, the only current 
application of water mist systems in subfreezing environments has been with a dry pipe system. Concerns 
in industry regarding the integration of antifreeze into water mist systems have prevented the widespread 
development of such systems.  These concerns, including changes in spray performance, potential risk of 
system failure, and interactions of the discharged agent with the fire, have resulted from incidents 
involving the integration of antifreeze in traditional sprinkler systems. 
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Challenges of antifreeze in fire suppression 
The use of antifreeze in traditional sprinkler systems has been regulated in National Fire Protection 
Association (NFPA) codes since 1940 [8]. However, despite decades of safe and effective use, there have 
been a few recent accidents which have caused doubts about the safety of antifreeze in these systems. In 
2001, an overhead heater at a restaurant caused a traditional sprinkler system, protected with an unknown 
concentration of propylene glycol solution, to activate. Propylene glycol vapors from the discharged 
solution caused a flash fire when they interacted with the heaters. The resulting flames traveled across the 
ceiling towards surrounding occupants, injuring 19 people [9]. The fire was extinguished by the pure 
water discharge from the sprinklers once all of the antifreeze solution was discharged. In 2009, a 
traditional sprinkler system protected with a 50% glycerine solution may have contributed to a fatal 
explosion in a kitchen fire [10]. As a tenant was placing a frying pan with flaming contents under his 
kitchen sink faucet to extinguish the fire, the sprinkler overhead activated and the principle investigator 
reported that upon the interaction of glycerine with the flames from the frying pan, an explosion occurred 
[11].  
 Multiple studies, as a result of these accidents, have been conducted to better understand how the 
contribution of antifreeze on the heat release rate (HRR) of the fire varies with respect to concentration. In 
2007, [12] demonstrated that propylene glycol can be used safely in early suppression fast response 
(ESFR) sprinklers to provide adequate protection of Class II commodities. A solution of 50% by volume 
of propylene glycol, will depress the solution freezing point to below -20
o
C. In addition to propylene 
glycol, the Fire Protection Research Foundation (FPRF) studied glycerine in traditional sprinkler systems 
in [8]. It was found that increasing concentrations of these antifreeze solutions would increase the HRR of 
the fire. Solutions of propylene glycol (50% by volume) and solutions of glycerine (55% by volume) were 
found to increase the HRR of the fire by 300%. When decreasing these concentrations by 5% to 10% by 
volume, increases in HRR were observed to be one order of magnitude less (30% increase, compared to 
300%). Additionally, testing of sprinklers with various K-factors showed that decreasing K-factors 
resulted in increases in HRR of the fire. Ultimately, their testing showed that, “concentrations of 
propylene glycol not exceeding 40% by volume and concentrations of glycerine not exceeding 50% by 
volume have similar performance to water as compared to the Underwriters Laboratories (UL) 1626 fire 
control criteria.” [8] 
Arvidson in [13] studied a wide variety of antifreezes, including both propylene glycol and 
glycerine at different concentrations, to assess the change in energy contribution to the fire. The fuel 
source used in this study was Class A combustibles. These results showed that only salt antifreezes 
(calcium chloride and potassium acetate) had the ability to decrease the energy contribution to the fire 
relative to pure water. This study also confirmed that propylene glycol and glycerine at concentrations 
protecting to -15°C and -30°C increased the energy contribution with respect to water.  
Nonetheless, there are still gaps in research regarding the use of antifreeze in fire suppression 
systems. Of the research pertaining to this topic, only [12] tested a system with a fixed supply of 
antifreeze indicative of a realistic system. A fixed supply of antifreeze is necessary to determine a more 
realistic energy contribution with respect to the limited quantity of antifreeze, and to observe the 
qualitative effects of antifreeze followed by water discharge on a fire. Furthermore, [12] only tested 
propylene glycol, which is only one of several antifreezes with different chemical compositions which 
may be used in fire suppression. Additionally, [12] conducted tests with a large drop ESFR sprinkler.  
This presents a gap as current research does not consider how a fixed supply of antifreeze will perform 
under the small drop conditions of a water mist system. No research has been conducted to directly study 
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spray performance and potential risk of system failure with respect to the incorporation of antifreeze in 
water mist systems. 
Scope 
This study investigates the use of antifreeze of various chemical compositions and concentrations in water 
mist systems. The research classified antifreezes by chemical composition. These classifications were 
then used to select a variety of antifreezes for study based on chosen criteria. Tests were conducted to 
measure interactions of the discharged agent with the fire, predict the effect of antifreeze solutions on the 
spray performance, and predict the potential risk of system failure. This testing provides the baseline 
information for the selection of an application-specific antifreeze. 
Selection of antifreeze agents and concentration  
At the commencement of this study, all commercially available antifreeze products were considered, as 
well as those secondary working fluids that have been used in industry for various applications such as 
pumps and refrigeration. These antifreeze solutions were assessed based on their chemical composition 
and applicability to fire suppression. The assessment of the antifreeze solutions reveals that in general, 
antifreeze solutions are made up of three components: water, a freezing point depressant, and corrosion 
inhibitors. The freezing point depressant or antifreeze agent is the primary non-water component in the 
solution, and provides the freeze protection for the system. The corrosion inhibitors occupy a maximum 
of 5% by volume in the solution, and do not fundamentally alter the properties of the antifreeze agent or 
water. The composition of the corrosion inhibitors is typically proprietary information held by antifreeze 
manufacturers [14, 15]. Since the freezing point is predominantly lowered by the antifreeze agent and 
corrosion inhibitors are propriety, no corrosion inhibitors were used in testing. Concentrations were 
selected to benchmark freezing points necessary to protect freezing conditions in the United States and 
the freezing points of chosen concentrations were verified in preliminary bench-scale testing.  
Selection of  antifreeze agents for study 
Based on chemical composition and properties, commercially available antifreeze agents were grouped 
into the following categories: glycols, alcohols, salts, sugars, petroleum, and other [15]. Of these 
antifreeze agent categories, sugars are inefficient at lowering the freezing point of water, petroleum is not 
miscible in water, and alcohols are volatile and can be lethally toxic if inhaled [15]. As a result, these 
categories were deemed unacceptable for use in fire protection applications. Glycols, salts, and other 
unique chemicals were considered for testing and for use in fire protection applications. 
Of these remaining categories, glycols have been used in fire suppression in the past, and are used 
on a limited basis in traditional sprinkler systems today. Glycols disrupt the freezing mechanism of water 
by blocking water molecules from hydrogen bonding to one another and forming the unique crystal 
structure found in ice. Commercially available glycols include propylene glycol, ethylene glycol, and 
diethylene glycol. However, both ethylene glycol and diethylene glycol have poorer environmental 
ratings than propylene glycol [13]. Additionally, ethylene glycol and diethylene glycol have been 
removed as recommended antifreezes from NFPA 13, 13D, and 25 in Tentative Interim Amendments 
(TIA’s) to the standards [16]. This is, in part, due to flammability concerns of glycols in high 
concentrations [13]. Currently, propylene glycol is the only glycol allowed for use in traditional sprinklers 
systems since extensive testing has been completed to determine safe concentrations [8]. Due to its 
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history of use in fire suppression, commercial availability, and allowed use by NFPA, propylene glycol 
was selected for testing in this study over other commercially available glycols  
While salts have not been widely used in fire suppression, they are efficient at depressing the 
freezing point of water. When the salt ions dissociate into solution, they bond to water which prevents 
hydrogen bonding between water molecules. Salts are used in applications including to the prevention and 
alleviation of icy road conditions, as an extinguishing agent in fire extinguishers, and as an antifreeze 
solution in Europe. These salts include calcium chloride, potassium acetate, and potassium formate. 
Calcium chloride is known to be highly corrosive and has been banned from use in stainless steel fire 
extinguishers by NFPA [17]. There is also the risk that the calcium chloride will precipitate out of 
solution in high concentrations at low temperatures [13]. The two other salts, potassium acetate and 
potassium formate, are less corrosive, less toxic, and have a smaller environmental impact. Therefore, 
based on corrosivity, toxicity, availability, and cost at the time of this study, potassium acetate was 
selected for testing in this study.  
Glycerine is a chemical in the “other” category that is unique from all other antifreeze agents in 
consideration. It is less complicated than a simple sugar since it lacks the carbonyl group associated with 
sugars, but it has three hydroxyl groups, while glycols only have two such functional groups. This 
separates it from both the sugar and glycol categories. Like glycols, it disrupts the freezing point of water 
by blocking the hydrogen bonding between water molecules at low temperatures necessary for 
crystallization. Glycerine has been widely used as an antifreeze in fire protection, but like glycols, it has 
been a factor in limited recent accidents involving antifreeze. Since it is allowed for use in traditional 
sprinkler systems by NFPA 13 under concentration limits and is a commercially available product, 
glycerine was selected for testing in this study [5].  
Additionally, trimethylglycine or betaine is another chemical in the “other” category. As a 
quaternary ammonium-based organic molecule, this compound has a unique composition not found in 
any other antifreeze agent under consideration. Betaine is a highly polar molecule, which makes it 
dissolve readily in water as well as naturally derived, making it nontoxic and environmentally friendly. 
Betaine has the same freezing point depression mechanism as glycerine and glycol, and blocks the 
formation of hydrogen bonds between water molecules. Betaine is used as a heat transfer fluid in HVAC 
and refrigeration, and has had limited applications in fire suppression on fishing boats in Japan and a 
military hospital in the Netherlands [18]. Little more is known about the potential application of this 
chemical, and as such, betaine presents itself as a unique opportunity to study a relatively unknown 
chemical for use in the fire protection industry, and therefore was selected for testing in this study. 
 The four selected antifreeze agents: propylene glycol, potassium acetate, glycerine, and betaine 
represent one glycol, one salt, and two other unique chemicals. These antifreeze agents were chosen as 
the most suitable in each category and provide a wide variety of different solutions for testing. 
Preliminary research and testing was conducted to select concentrations necessary to provide freeze 
protection and to verify the freezing point of each test solution.   
Selection and verification of antifreeze solution concentrations 
The freezing point of an antifreeze water solution will greatly decrease as the concentrations of antifreeze 
increase. Solution concentrations used in this study were selected to provide the freezing point depression 
required for the coldest regions of the United States, which most commonly face temperatures of -40°C 
[5]. A second concentration was chosen to provide an intermediate freezing point (-20°C) between -40°C 
and the freezing point of water (0°C), providing two benchmark levels of freeze protection. Excluding 
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corrosion inhibitors, the antifreeze agent concentrations necessary to reach the chosen benchmarks are 
shown in Table 2. 
 
                  Table 2. Solution Concentrations to Benchmark Freezing Points (wt. %) [19] 
Antifreeze Agent Concentration to -20°C Concentration to -40°C 
Propylene Glycol 40% 55% 
Glycerine 48% 63% 
Betaine 41% 53% 
Potassium Acetate 28% 39% 
 
All solutions were mixed in the lab at WPI in accordance with American Society for Testing and 
Materials (ASTM) D1176.  A liter of each solution was first mixed to verify the freezing point at the 
selected concentration [20]. The freezing point of each solution was verified using a low temperature 
cooling bath consisting of a dry ice and ethanol cooling medium, an unsilvered Dewar flask, and a 
jacketed sampling tube [21]. All verified solutions performed to a freezing point depression of + 2°C of 
the target temperature.  These concentrations were then used to make batches large enough to conduct all 
subsequent testing.   
Measurement and  evaluation of agent properties  
In order to evaluate antifreeze solutions for use in water mist systems, it was necessary to determine 
which solution and system variables have the greatest impact on system performance. Thus, key study 
variables were identified and grouped into one of three categories: variable interaction of the discharged 
agent with the fire; variables with the potential to affect spray characteristics; and variables with the 
potential to cause system failure. Fire scenario interactions were characterized by a change in HRR upon 
antifreeze discharge and by observations of room conditions during and after discharge. Fire scenario 
interaction tests were conducted in an ASTM standard size compartment, with a single nozzle. Spray 
performance variables include viscosity, density, and surface tension, which were indicative of a 
solution’s ability to change from a flowing stream to atomized droplets. Potential risk of system failure 
variables included corrosivity and volumetric expansion coefficient, which together may cause failure in 
the piping system during non-activation periods. Both spray performance variables and potential risk of 
system failure were measured at bench-scale.  
Fire scenario interactions 
The incorporation of antifreeze into a water mist system may have significant impact on the fire 
suppression effectiveness of the system. To test this, a simulated water mist system was designed and 
constructed in a standard compartment to observe the change in HRR of the fire when sprayed with 
antifreeze solutions. The standard compartment and data acquisition system was designed in accordance 
with ASTM E603, Standard Guide for Room Fire Experiments [22]. Additionally, qualitative 
observations were noted during testing, including conditions in the room that would affect occupant 
safety and evacuation.  
 
Testing apparatus set-up.  Specific criteria considered while designing the system included a system 
pressure rating of up to 138 bar, pressure development of up to 52 bar, an isolated pipe section for storage 
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of antifreeze solution, and a system drain valve. The set-up was designed to simulate the operating 
conditions of a commercially available water mist system with the addition of antifreeze.  
 
The testing configuration, Figure 1, consisted of the following: 
 ASTM standard size compartment (3.66 m x 2.44 m x 2.44 m) [22] 
 High pressure water mist nozzle  
o Target operating pressure of 40-125 bar 
o Multi-orifice 
o Single fluid 
o Solid cone 
o K-factor  of 1.8 lpm/bar1/2 (0.13 gpm/psi1/2) 
 Low pressure water mist nozzle 
o Target operating pressure of 7-12 bar 
o Single orifice 
o Single fluid 
o Solid cone 
o K-factor of 2.88 lpm/bar1/2 (0.2 gpm/psi1/2) 
 5.08 cm stand pipe 
 Pressure washer (rated to 117 bar, 6 lpm with manufacturer’s nozzle) 
 6.41 m of 12.7 mm hydraulic hose  
 1.22 m of 12.7 mm 304 stainless steel pipe  
 Check valve and ball valves 
 Pressure gauge rated from 0-138 bar 
 
1.22 m. of 12.7 mm 
304 Stainless Steel
Ball
Valve
Propane 
Source
Pressure 
Washer
Check 
Valve
Water 
Source Ball 
Valve
Drain
Ball
Valve
Fill
Area
Pressure 
Gauge
611cm x 305cm
Propane 
Diffusion 
Burner
6.41 m of 12.7 mm 
Hydraulic Hose
2
.4
4
 m
2.44 m  
Standard 
Compartment
 
Figure 1. System testing set up 
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In accordance with NFPA 750 definitions, a low and high pressure water mist system must operate at a 
pressure of less than 175 lbs/in
2
 (12 bar) and of greater than 500 lbs/in
2
 (34.5 bar), respectively [4]. To 
produce and maintain these pressures during discharge, a pressure washer was put in series with the water 
supply. This allowed for a maximum output pressure of 65 lbs/in
2
 (4.5 bar) to be produced during 
discharge with the low pressure nozzle and a maximum output pressure of 720 lbs/in
2
 (50 bar) during 
discharge with the high pressure nozzle. These pressures were recorded using a pressure gauge located on 
top of the standard compartment.  
Another system design requirement was the isolation of a portion of the system to store an 
antifreeze solution. Antifreeze solution filled a 12.7 mm diameter hydraulic hose and stainless steel pipe, 
a size commonly used in high pressure water mist systems. The length of hydraulic hose and stainless 
steel pipe was chosen to deliver a targeted 10 seconds of antifreeze discharge. The isolated portion of the 
system was located from the check valve downstream of the pressure washer, to the water mist nozzle. 
This check valve ensured no antifreeze would flow back into the pressure washer. To fill this section with 
the antifreeze solution, a ball valve was placed at the top of the standard compartment. A drain valve was 
placed at the base of the system allowing for the removal of excess fluid. To prevent the dilution of the 
antifreeze solution, the drain valve was utilized to empty the system between fill periods.  
Antifreeze systems are closed nozzle systems—those which utilize a thermally activated element 
to prevent accidental discharge. However, due to the large quantity of tests conducted, the use of nozzles 
with thermally activated elements was not feasible.  Thus, this system design utilized open (deluge) type 
water mist nozzles. Due to the design of the system and the water mist nozzle used, the high pressure 
configuration of the system was capable of holding 900 mL of antifreeze solution, while the low pressure 
configuration held 700 mL. This can be attributed to leaking from the open water mist nozzles used in 
testing. In the high pressure testing, the system piping was filled to its 900 mL capacity and the small 
orifice size of the water mist nozzle was capable of holding back the solution with virtually no leaking. 
Initial testing with the low pressure nozzle however, revealed that approximately 200 mL of solution 
leaked from the nozzle when the system was filled to the 900 mL capacity. This was likely due to the 
larger orifice size of the low pressure water mist nozzle, which could not hold back as much solution as 
the high pressure nozzle did. As a result, to prevent antifreeze from leaking onto the pre-discharge fire, 
the antifreeze volume in the low pressure testing was reduced to 700 mL. Using this test setup, room-
scale fire experiments were conducted to study the HRR contribution of antifreeze solutions. 
 
Heat release rate.  Following the system design and construction, [22] was utilized to select an 
appropriate fuel package and design fire. For reproducibility and consistent HRR, a propane diffusion 
burner was utilized. Based on the heat of combustion of propane, a flow rate of 138 lpm was used to 
create a nominally 200 kW fire [23]. A 200 kW fire from this diffusion burner had a flame height between 
1.52 to 2.13 meters tall resulting in a significant fire. A larger HRR would result in the fire imposing on 
both the ceiling and the water mist nozzle. This effect was not desired for the experiment. The HRR of the 
fire was measured before, during, and after discharge using oxygen consumption calorimetry. This 
method uses the difference in ambient oxygen concentration and oxygen concentration measured at a 
given time during the test to determine the amount of oxygen being consumed by the fire. This data is 
then used to calculate the heat release rate, in accordance with ASTM E1354 [24]. 
 A standard procedure was developed for the testing to ensure accurate and repeatable results. 
Prior to each test, the instrument was calibrated with ambient air to determine the baseline for oxygen 
content. Each test began with ignition of a low flow rate of the gaseous propane. Once ignition was 
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confirmed, the flow rate was increased to the target 138 lpm to achieve a 200 kW fire. The fire was 
maintained at this HRR for 30 seconds. Discharge was then initiated and continued for 60 seconds. If 
extinguishment occurred, the discharge and the flow of propane were terminated immediately, concluding 
the test. If the fire remained after the 60 seconds, discharge was terminated. At this time, the fire was 
allowed to reestablish for 30 seconds before the fuel source was terminated.  
  The antifreeze solutions found in Table 2 were analyzed for change in HRR at both low and high 
pressures. All solutions were tested three times at each pressure and concentration for repeatability. An 
average of the data from the three tests for each pressure and concentration was taken to simplify the 
results for further analysis. Betaine was the one exception, which was only evaluated at high 
concentration due to limited quantities. This analysis recognized trends in heat release rate contribution, 
which in some cases were observed through the use of video recordings. 
Qualitative analysis.  In addition to studying the quantitative changes in the HRR, qualitative 
observations were recorded. These observations were confirmed and investigated using high definition 
video taken during each live fire test. Some observations included ignition of the discharge, smoke 
development, and air entrainment effects. The observations from live spray tests allowed for additional 
comparisons of the different antifreeze solutions, and were significant to the study conclusions. 
Viewed holistically, this research evaluated the selected antifreeze solutions for use in water mist 
systems. The performance of water mist incorporating antifreeze solutions was assessed for fire scenario 
interactions, spray performance variables, and potential risk of system failure. The key study variables 
assessed included: viscosity, density, surface tension, corrosivity, volumetric expansion, and change in 
HRR. Qualitative observations were also taken during testing to predict any additional concerns with the 
selected antifreeze solutions. To reach final conclusions regarding this research, the results were analyzed 
and discussed to uncover the trends and deeper scientific meaning in the data.  
Spray performance variables  
A review of previous literature and theoretical considerations reveals that viscosity, density, and surface 
tension are the three dominant liquid properties that influence spray performance [25].  Is has been shown 
that high viscosity produces larger droplets, high density produces smaller droplets, and high surface 
tension produces larger droplets [25].  These three properties may ultimately have opposing effect if a 
fluid has a high viscosity and a high density for example, since the former predicts larger droplets and the 
latter predicts smaller droplets. The holistic effect of the three properties together has not been widely 
discussed. Limited research was completed by the Norwegian Fire Research Laboratory to determine the 
effect of extinguishing additives such as salts and foams on spray performance, but the effects of spray 
performance were ultimately considered or found to be negligible in the testing [26]. This reveals that the 
magnitude of each property necessary to significantly affect the spray performance is not known and the 
effect of antifreeze agents on spray performance has not been widely studied. As a result, the magnitude 
of the density, viscosity, and surface tension were measured for each antifreeze solution in an attempt to 
predict which of the three has the greatest effect on spray performance and how significantly they vary by 
solution. 
Viscosity.  The viscosity of pure water does not change significantly at temperatures approaching 
freezing, but when mixed with additives in solution, the viscosity has been shown to increases 
exponentially with a decrease in temperature [19]. This increase in viscosity causes larger droplets to 
form in sprays, which may disrupt the spray pattern and effectiveness [25]. High viscosity also results in a 
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decreased flow rate, which may cause demand issues at the spray nozzle. The magnitude of this viscosity 
change is unknown, as previous work, such as that of Melinder [19], did not measure this property to the 
freeze protection necessary in all antifreeze systems. As a result, the viscosities of the selected antifreeze 
solutions, as outlined in Table 2, were tested at temperatures from ambient to -40°C. They were then 
compared to that of pure water, in order to predict changes in the spray performance. These viscosity tests 
were conducted two times each using Ubbelohde glass viscometers according to ASTM D446 and the 
same dry ice-ethanol cooling bath was used to cool the antifreeze solutions to the test temperatures [27]. 
 
Density.  When additives are mixed into solution, the molecules flow together in such a way that the 
lowest energy arrangement is formed. Depending on the intermolecular forces, this arrangement either 
increases or decreases the density of the solution. Previous research suggests that, of all fluid additives 
typically used in industry, only alcohols and ammonia lower solution density when mixed with pure 
water. Salts increase the density rapidly with concentration and glycols increase the density, but at a much 
slower rate [19]. As the density of the solution increases, sprays created under identical conditions have 
smaller droplets of greater density [25]. Past research in this area however, did not study how 
significantly the density must change in order to have a noticeable effect on spray performance. As a 
result, this work studied the densities of the selected antifreeze solutions and compared them to pure 
water to predict changes in droplet size. Since the density of most antifreeze liquids does not have a 
strong correlation to temperature, all tests were conducted three times at ambient temperatures according 
to ASTM D1122 [19, 28].  
 
Surface tension.  Pure water has a higher surface tension than virtually all other liquids with the exception 
of mercury. As a result, many additives lower this high surface tension by disrupting the cohesion 
between pure water molecules. Studies have shown that, in general, most industrial additives lower the 
surface tension of pure water with the exception of inorganic salts which may actually increase it [19]. 
When used in spray applications, solutions with a decreased surface tension facilitate stream break up into 
smaller droplets [25]. In the testing of this study, it was expected that a drop in surface tension would 
occur in all cases. As a result, the surface tension of each antifreeze solution was measured three times as 
compared to pure water to predict the effect on droplet size. Since surface tension does not have a strong 
correlation to temperature, all surface tension tests were conducted at ambient temperatures. The test 
procedure utilized a metal ring suspended by a dynamometer over a small crystallization dish of solution.  
The dish was placed on a jack that was used to slowly lower the dish until the ring broke the surface of 
the solution. The force exerted was then correlated to the surface tension in accordance with ASTM D971 
[29]. 
When viscosity, density, and surface tension are studied holistically, the effect of antifreeze 
solutions on spray performance is likely to become apparent. In the absence of a Doppler laser to measure 
droplet size directly, the results of this testing will be used to predict droplet size effects based on fluid 
mechanics theory.  Since viscosity varies the most with temperature, it most likely shows the greatest 
magnitude of change of any of three liquid properties studied, creating larger droplets in the discharge in 
low temperature environments. If density or surface tension should dominate, the droplet size decreases. 
This may be an issue when the antifreeze solution is a flammable liquid as smaller droplets may lead to 
ignition of the discharge due to the larger fuel surface area of the droplet [30].  
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Potential risk of system failure 
In a wet-pipe fire suppression system, the piping is filled with a liquid agent during all activation and non-
activation time periods, except when the system is out of service and drained for maintenance. One of the 
primary concerns with these idle systems is that over time, they may be subject to failures as a result of 
the antifreeze solution. The two predominant failure mechanisms directly associated with the antifreeze 
solution are leaking and pipe bursting which may be facilitated by corrosion and volumetric expansion. 
Existing documentation provides information regarding corrosion in water-filled wet-pipe sprinkler 
systems and volumetric expansion in wet-pipe sprinkler systems using antifreeze solutions.  However, no 
research has been published that has studied corrosion or volumetric expansion of antifreeze solutions in 
water mist systems. It is hypothesized that with the addition of antifreeze, the magnitude of the corrosion 
and volumetric expansion may be altered and should be accounted for in system design. Laboratory-scale 
tests were conducted to measure and document the corrosivity of each solution and the volumetric 
expansion coefficient. These values can be used to provide some indication of the risk of system failure.  
 
Corrosion. Corrosion has the potential to cause failure in fire suppression systems through clogging at the 
nozzle, accidental leakage, or unintentional activation [31]. The rate of corrosion may be influenced by 
higher concentrations of oxygen in the water supply, draining and refilling a system during maintenance, 
or higher temperatures resulting from seasonal changes [32]. While low temperatures slow corrosion, 
antifreeze additives alter the corrosivity of the solution and contribute to corrosion in the system 
independent of temperature. As a result, a simulation of antifreeze corrosion was conducted to determine 
the rate of corrosion on common piping materials used in water mist systems. Samples of 304 stainless 
steel and 110 copper alloy were used in a corrosion immersion test conducted according to [33]. Three 
Square samples of each material measuring 2 cm x 2 cm, with a 3 mm diameter hole were suspended in 
each antifreeze solution using a fluorocarbon string. The fluorocarbon string suspension method does not 
contribute to the corrosion as per [33]. Each metal sample was cleaned both before and after immersion 
according to [34]. Each sample was placed in sealed glass jars to simulate the sealed conditions of an 
actual system. Only -40°C concentration antifreeze solutions without corrosion inhibitors were tested to 
provide an indication of worst case scenarios. Each sealed jar was placed inside a drying oven for 1250 
hours at a constant 45°C to accelerate the corrosion to the realistic worst case seasonal temperatures. The 
corrosion rate was then calculated based on the mass lost during the test [34]. 
 
Volumetric expansion coefficient. In addition to corrosion, the volumetric expansion of a liquid is a 
contributing factor to system failure. Liquids typically expand as a function of temperature which is an 
issue in closed systems [35]. As the liquid expands, pressure increases resulting in strain on system 
components. This may be significant when the pipes or fittings are deteriorated by corrosion or the system 
is exposed to cyclical temperature loads such as may be experienced by a system exposed to daily 
temperature fluctuation. The volumetric expansion coefficient of each antifreeze solution was measured 
and compared to pure water to provide an indication of the potential for system failures.  
 Using a calibrated dilatometer flask, each antifreeze solution was heated in a constant temperature 
bath according to the manufacturer’s instructions. The flask consisted of a glass bulb liquid reservoir 
attached to a calibrated riser tube. During heating, the liquid rose in the tube as the expansion occurred. 
The flask was removed from the bath when the liquid nearly reached the top of the riser. As it cooled, the 
liquid level in the riser and the temperature were recorded over time. With this data, the volumetric 
expansion coefficient of the liquid could be calculated with the following formula. 
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Where: 
 
 
 
 
 
 
The change in volume was calculated using the change in height in the riser and the known riser tube 
diameter. The dilatometer volumetric expansion coefficient was a known quantity characteristic of the 
glassware, and the initial volume and temperature change were measured [36]. With this information the 
volumetric expansion was then calculated three times for each antifreeze solution.  
Despite existing research regarding the effects of corrosion and volumetric expansion on wet-pipe 
sprinkler systems, there is a lack of technical knowledge regarding these topics with respect to the 
application antifreeze in water mist systems. The magnitude of both corrosion and volumetric expansion 
has not been studied in these scenarios and presents opportunities for further study. This testing provides 
basic scientific data focusing on failure variables for these standby system conditions. While these 
variables are important to system function, an assessment of spray performance with antifreeze additives 
was necessary to determine the overall system performance.  
Summary of variable categories 
Viewed holistically, this research evaluated the selected antifreeze solutions for use in water mist 
systems. The performance of water mist incorporating antifreeze solutions was assessed for fire scenario 
interactions, spray performance, and potential risk of system failure. The key study variables assessed 
included: change in HRR, viscosity, density, surface tension, corrosivity, and volumetric expansion. 
Qualitative observations were also taken during testing to predict any additional concerns with the 
selected antifreeze solutions. To reach final conclusions regarding this research, the results were analyzed 
and discussed to uncover the trends and deeper scientific meaning in the data.  
Results and discussion 
Of the three categories of variables, fire scenario interactions are considered to be the most significant and 
are presented first as the major findings of this study. Spray performance variables (viscosity, density, and 
surface tension) will then be presented to further explain the results of each antifreeze agent during live 
fire tests. These experimental measurements of the spray performance testing variables also serve to 
inform further studies on droplet size and discharge necessary for design and development of application 
specific water mist systems incorporating antifreeze. The results of the antifreeze-induced risk of system 
failure are then presented. These results serve to demonstrate potential failure modes of antifreeze water 
mist systems during non-activation periods and predict which antifreeze solutions may be restricted in 
application. The trends in the key study variables were then assessed holistically to predict which study 
variables have the greatest impact on the overall system performance and which antifreeze solutions, if 
any are best suited for use in a water mist system. 
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Fire scenario interactions   
Fire scenario interactions observed and recorded include key aspects of the fire, the discharge of the 
antifreeze solution, the interactions between the fire and the antifreeze, increases and/or decreases in the 
measured heat release rate, and amount and type of smoke produced. Tests were conducted using a low 
pressure nozzle and high pressure nozzle.  All tests using the low pressure nozzle were conducted at a 
nominal flow rate 1.5 lpm of approximately and pressures of approximately 4.7 bar + 0.1 bar. All tests 
using the high pressure nozzle were conducted at a nominal flow rate of approximately 12.5 lpm and 
pressures of approximately 48.7 bar + 2.5 bar.  
The primary variable studied was the contribution of the HRR (positive or negative) from the 
discharged antifreeze solutions to the fire. HRR was measured in the laboratory before, during, and after 
the discharge of the antifreeze solution. Each fire test was conducted with a target propane flow rate set to 
yield a fire with a steady and continual HRR of 200 kW. The ability to set and maintain the flow of 
propane was not exact, resulting in the average pre-discharge fire being 221 kW ± 8.4 kW due to 
variations in the mass flow controller.  
The measured HRR data was normalized by the average pre-discharge HRR. This technique 
eliminated the observed mass flow controller error and standardized the data across all tests. If the 
discharge has zero effect on the HRR of the fire, the normalized HRR was 1. When an antifreeze solution 
increased the HRR of the fire, the normalized HRR was greater than 1. Conversely, when an antifreeze 
solution decreased the HRR of the fire, the normalized HRR was less than 1 and as low as 0 which would 
occur during extinguishment. Figure 2 shows an example of the measured HRR of the fire as a function of 
time and Figure 3shows this same heat release rate measurement, normalized. This procedure defined pre-
discharge fire at a non-dimensionalized HRR of 1. Increases and decreases to the HRR were relative to 
this scale.   
 
Figure 2. Example test data: heat release rate (HRR) vs. time and normalized HRR vs. time 
For each test, the non-dimensionalized HRR was plotted as a function of time and divided into 
four vertical regions representing the four phases of each test. These regions are as follows:  
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Region 1 illustrates the period of time covering pretest burning, fire ignition, and fire growth up 
until just prior to discharge. During the pretest burning and fire ignition, the normalized HRR was 0. 
Since the HRR just prior to discharge was the non-dimensionalizing factor, the normalized HRR during 
this test phase ranged between 0 and 1.  
Region 2 illustrates the period of time covering the discharge during the test. The measured HRR 
of the fire indicates the effect of the antifreeze solution and pure water discharge. The normalized HRR 
ranged from 0% to 440% in this test phase depending upon which antifreeze solution was used. This large 
range was indicative of the initial discharge on the fire. However after the initial discharge, the 
normalized HRR only fluctuated between 60% and 90% of the pre-discharge fire size and was relatively 
constant in each test conducted. The initial discharge in Region 2 was different for each antifreeze and 
will be discussed individually by test.  
Region 3 illustrates the re-establishment of the fire after termination of discharge. As a 
consequence of discharge, the mist prevents the combustion of all the propane flow from the diffusion 
burner. The remaining unburned propane was ignited upon discharge termination, increasing the HRR in 
this region. This effect occurred in the tests where the antifreeze solution did not extinguish the fire. The 
normalized HRR ranged from 100% to 150% of the pre-discharge fire size in this test phase. This re-
establishment period continued for 30 seconds to allow the fire to stabilize.  
Region 4 illustrates the fuel source termination and post-test venting. The flow rate of propane 
was decreased to 0 lpm and the oxygen sensor began to collect ambient air data to confirm oxygen 
concentrations and flush the system. The normalized HRR decreased to 0% of the pre-discharge fire size 
in this test phase.   
Of the test phases, Region 2 contained the most pertinent normalized HRR data to this study, and 
this was the only test phase which varied significantly between different antifreeze solutions. 
Subsequently, only Region 2 will be discussed for all tests that follow. In relevant cases, such as 
unexpected or unique occurrences, significant changes to Region 3 and 4 will be discussed as well.  Two 
groups of experiments, one at low pressure and one at high pressure were conducted where there was no 
antifreeze solution resulting in the discharge of only pure water. The measured response of the fire to 
these tests served as an important baseline for comparison with the measured response of each of the fire 
tests involving antifreeze solutions.    
 
Pure water tests.  A baseline control experiment was conducted using pure water as a control fluid to 
measure and observe the behavior of the fire under the conditions of a water mist system with no 
antifreeze solution. It is important to note that these experiments used only a single water mist nozzle and 
were not designed to extinguish this steady and continuous propane fire, but to provide a baseline for 
comparison of the contribution to the HRR (positive or negative) of the pure water with that of each of the 
antifreeze solutions. These control tests were conducted using both low and high pressure water mist 
nozzles. Figure 3 illustrates the normalized HRR histories of water for both low and high pressure testing. 
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Figure 3. Normalized heat release rate (HRR) with pure water discharge vs. time 
Region 2 represents the water discharge period. The results show that the fire was initially 
reduced down to 60% and 70% of the pre-discharge fire size for low and high pressure testing, 
respectively. The pure water was unable to extinguish the fire due to the constant flow of propane fuel, 
but provided a consistent baseline for further testing and comparison.  
 
Propylene glycol.  Propylene glycol is a common, commercially available antifreeze approved for use in 
traditional sprinklers. Solutions with a -20°C freezing point utilized in this study have concentrations 
nearly identical to those limits for traditional sprinkler systems found in NFPA 13. However, solutions 
with a -40°C freezing point utilized in this study have concentrations exceeding those limits. Figure 4 
depicts the normalized HRR of the -20°C and -40°C propylene glycol solutions at low pressure. 
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Figure 4. Low pressure normalized heat release rates (HRR) with propylene glycol (PG) discharge vs. 
time 
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 Increased HRR contribution to the fire from the antifreeze solutions only lasted 5 seconds in low 
pressure tests due to the finite amount of antifreeze solution present in the pipes. The -20°C concentration 
of propylene glycol caused virtually no contribution to the HRR of the fire only increasing the HRR by 
5%. The -40°C concentration of propylene glycol caused a more significant change by increasing the 
HRR by 25%.  
Qualitative results from video footage indicated no ignition of the antifreeze discharge, but 
showed small flamelets extending upwards. Minimal smoke was produced when compared to the pure 
water discharge.  
 The heat release rate contribution in low pressure testing became more pronounced when using a 
high pressure system at the same concentrations. Figure 5 depicts the normalized HRR of the -20°C and -
40°C concentration solutions of propylene glycol.  
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Figure 5. High pressure normalized heat release rate (HRR) with propylene glycol (PG) discharge vs. 
time 
Increased HRR contribution to the fire from the antifreeze solutions only lasted 10 seconds in 
high pressure tests due to the finite amount of antifreeze solution present in the pipes. The higher system 
pressure likely created smaller drops in the discharge, which increases the antifreeze surface area and 
amplifies the HRR of the room. The -20°C concentration solutions of propylene glycol increased the 
HRR by approximately 30%. These increases were more significant than all of the low pressure tests, but 
not as significant as the high pressure, -40°C concentration tests. The -40°C concentration solutions of 
propylene glycol increased the HRR by 440%. Although these HRR peaks were brief, the increased HRR 
could have a significant impact on fire suppression and may even have the potential to ignite other items 
within a room.  
Qualitative results from video footage indicated the antifreeze discharge ignited.  Before ignition 
can occur, the water in the droplet must be evaporated and the antifreeze agent must be heated to its flash 
point, approximately 107°C for propylene glycol [37]. Prior to ignition small amounts of smoke form at 
the base of the burner, but upon ignition there is a noticeable air and smoke entrainment upward into the 
combusting discharge.  The propylene glycol solution created a blue flame upon ignition. The propylene 
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glycol solutions in high pressure and -40°C concentration conditions produced the most smoke of the 
propylene glycol solutions.  
The propylene glycol solutions had a significant impact on the HRR at high pressure, -40°C 
concentration, increasing the HRR by 440%. All other tests with propylene glycol showed a less 
significant impact on the HRR, and none increased the HRR by more 30%.   
 
Glycerine.  Glycerine is a common, commercially available antifreeze approved for use in traditional 
sprinklers. Solutions with a -20°C freezing point utilized in this study have concentrations nearly identical 
to those limits for traditional sprinkler systems found in NFPA 13 [5]. However, solutions with a -40°C 
freezing point utilized in this study have concentrations exceeding those limits. Figure 6 depicts the 
normalized HRR of the -20°C and -40°C glycerine solutions at low pressure. 
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Figure 6. Low pressure normalized heat release rate (HRR) with glycerine (GLY) discharge vs. time 
Increased HRR contribution to the fire from the antifreeze solutions only lasted 5 seconds in low 
pressure tests due to the finite amount of antifreeze solution present in the pipes. The -20°C concentration 
of glycerine had minimal contribution to the HRR of the fire only increasing the HRR by 12%. The -40°C 
concentration of glycerine caused a more significant change by increasing the HRR by 13%.  
Qualitative results from video footage indicated no ignition of the antifreeze discharge, but 
showed small flamelets extending upwards. Compared to the pure water discharge, all solutions produced 
more visual obstruction of the room via smoke. The -40°C concentration solution of glycerine produced 
the most smoke of any antifreeze solution in low pressure conditions.  
The heat release rate contribution in low pressure testing became more pronounced when using a 
high pressure system at the same concentrations. Figure 7Figure 5 depicts the normalized HRR of the -
20°C and   -40°C concentration solutions of glycerine.  
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Figure 7. High pressure normalized heat release rate (HRR) with glycerine (GLY) discharge vs. time 
Increased HRR contribution to the fire from the antifreeze solutions only lasted 10 seconds in 
high pressure tests due to the finite amount of antifreeze solution present in the pipes. The higher system 
pressure likely created smaller drops in the discharge, which increases the antifreeze surface area and 
amplifies the HRR of the room. The -20°C concentration solutions of glycerine increased the HRR by 
approximately 40%. These increases were more significant than all of the low pressure tests, but not as 
significant as the high pressure, -40°C concentration tests. The -40°C concentration solutions of glycerine 
increased the HRR by 340%. Although these HRR peaks were brief, the increased HRR could have a 
significant impact on fire suppression and may even have the potential to ignite other items within a 
room.  
Qualitative results from video footage indicated the antifreeze discharge ignited.  Before ignition 
can occur, the water in the droplet must be evaporated and the antifreeze agent must be heated to its flash 
point, approximately 160°C for glycerine [38]. Upon discharge there was a significant amount more 
smoke produced than with any other antifreeze solution. Prior to ignition, smoke forms at the base of the 
burner, but upon ignition there is a noticeable air and smoke entrainment upward into the combusting 
discharge. In high pressure and -40°C concentration conditions, the quantity of smoke formed during the 
discharge was significant enough to form an upper gas layer and fill the standard compartment. The 
glycerine solutions created a yellow or orange hue upon ignition. The glycerine solutions in high pressure 
and -40°C concentration conditions produced the most smoke of the glycerine solutions.  
The glycerine solutions had a significant impact on the HRR at high pressure, -40°C 
concentration, increasing the HRR by 340%. All other tests with glycerine showed a less significant 
impact on the HRR, and none increased the HRR by more 40%. Compared to other antifreeze solutions 
relative to the test conditions, glycerine solutions produced the most amount of smoke of any antifreeze in 
this study. 
 
Betaine.  Unlike propylene glycol and glycerine, betaine is not a commonly used antifreeze solution. 
However, it has been used in selected application in Japan and the Netherlands [18]. There is limited 
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scientific information about the performance and properties of betaine, therefore it was chosen for study. 
Due to cost limitations, only a betaine solution with a freezing point of -40°C was tested, at both low and 
high pressures. Figure 8 depicts the normalized HRR rate of the betaine solution at both low and high 
pressures. 
  
 
Figure 8. Normalized heat release rate (HRR) with betaine discharge vs. time 
Similar to the -40°C concentration propylene glycol and glycerine solutions, the betaine increased 
the HRR of the room by 400% at high pressure. However, at low pressure, the solution only increased the 
HRR by 10%. Betaine also displayed a similar delay in ignition of the discharge, but unlike the other 
antifreeze solutions, the discharge burned deep orange upon ignition. Due to limited supplies of betaine, it 
is unknown if the -20°C concentration solution would perform similarly to the -20°C concentration 
propylene glycol or glycerine solutions. 
 
Potassium acetate.  Salt solutions are known to have extinguishing properties. This is primarily due to the 
relatively low melting point of salts and the endothermic decomposition reaction that takes place. This 
reaction removes additional heat from the fire, amplifying the heat absorption mechanism in water mist. 
The potassium acetate chosen for this study has a melting temperature of 304°C [39] which is 
significantly lower than temperatures found in proximity to a fire [23]. Figure 9 depicts the normalized 
HRR of the -20°C and -40°C concentration potassium acetate solutions at low pressure. 
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Figure 9. Low pressure normalized heat release rate (HRR) with potassium acetate (KA) discharge vs. 
time 
When the salt solution was added to the low pressure water mist system, the HRR of the fire was 
decreased to 60% of the pre-discharge fire size in both -20°C and -40°C concentrations. Although other 
antifreeze solutions tested at -20°C and -40°C concentrations preformed differently, it was important to 
note that change in HRR of the fire by the two different salt concentrations were nearly identical. This 
may indicate in certain concentration ranges that the extinguishing effectiveness of the salt solution is 
constant. The overall change in HRR proved to be more effective than pure water alone in both cases. 
Other noticeable effects of the low pressure potassium acetate were the purple flames produced at the 
burner which is the characteristic color for burning potassium. Light smoke was also produced during 
discharge.   
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Figure 10. High pressure normalized heat release rate (HRR) with potassium acetate (KA) discharge vs. 
time 
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High pressure testing produced more significant results using potassium acetate. In all cases using 
both concentrations, total extinguishment of the fire was achieved using potassium acetate solutions. 
While the fire was suppressed, the flames were once again a bright purple color. Although the normalized 
HRR curve shown in Figure 10 shows extinguishment occurring in after roughly 50 seconds, test videos 
revealed extinguishment occurring between 5 and 10 seconds for the -40°C and -20°C concentration, 
respectively. This timing error was most likely due to the transport time between the oxygen consumption 
by the fire and the reading taken by the oxygen sensor. This oxygen sensor was not calibrated to detect 
fires under 50 kW which may also be a reason for this error. 
 
Summary of fire scenario interaction with antifreeze solutions.  From testing, antifreeze agents have been 
found to have drastically different impacts on the HRR of the fire. Figure 11 summarizes all of the 
normalized peak HRR from Region 2 for each antifreeze solution at both pressures and concentrations. 
Only pure water and potassium acetate were able to decrease the HRR of the fire. The only solutions 
which substantially increased the HRR of the fire were the high pressure, -40°C concentration propylene 
glycol, glycerine, and betaine. The remaining antifreeze solutions only contributed to the HRR by 5% to 
40% during the initial discharge HRR peak.  
 
 
Figure 11. Summary of the normalized heat release rate (HRR) contribution to the fire for all tested 
antifreezes 
Of the qualitative analysis, the most distinct effect seen with an antifreeze additive unrelated to 
HRR was with glycerine in -40°C concentration which produced large volumes of smoke capable of 
filling the test cell. To help explain the significance of these measurements, the results from the spray 
performance testing are analyzed as an indication of the droplet size in the performance of each antifreeze 
during live fire tests. 
26 
 
Spray performance variables  
The spray performance category of study variables included viscosity, surface tension, and density. These 
three liquid properties have the definitive effect on spray performance, specifically with respect to droplet 
size [25]. Viscosity of antifreeze solutions undergoes the greatest change of the spray performance 
variables. However, the findings of both density and surface tension can still be linked to relative changes 
in droplet size. The spray performance variables have opposing theoretical effects on droplet size. The 
key findings of the viscosity, density, surface tension, and the resulting theoretical effects on droplets size 
are presented below. 
Viscosity.  The viscosity was analyzed for both temperature and concentration trends. The results show 
that the viscosity of all test solutions increases exponentially as the temperature drops, and that the 
viscosity increases with concentration. Figure 12 shows the kinematic viscosity relative to pure water at 
4°C for antifreeze solutions with a freezing point of -20°C, while Figure 13 shows the same for solutions 
with a freezing point of -40°C. The results were non-dimensionalized using viscosity data for pure water 
at 4
o
C because this is the temperature at which water’s unique freezing mechanism begins. Propylene 
glycol and glycerine showed the most significant increase in viscosity in both the -40°C and -20°C 
concentration solutions. The viscosity of propylene glycol and glycerine at -40°C and -20°C 
concentrations, when compared to that of pure water, increases by a factor of 250 and 25, respectively. In 
both cases, glycerine has the highest initial viscosity of the test solutions, but propylene glycol increases 
at a faster rate. This can be attributed to the unpredictability of solution properties. Potassium acetate 
showed the least significant increase in viscosity as the solution approached freezing, but still increased 
by a factor of up to 50 in -40°C concentrations, as compared to the viscosity of pure water. Increased 
viscosity decreases the flow rate of the antifreeze fluid as it will have a greater resistance to flow. This in 
turn decreases the pressure at the nozzle, and therefore may increase the droplet size of the spray. 
 
Figure 12. Kinematic viscosity relative to pure water at 4°C for antifreeze solutions freezing at -20°C 
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Figure 13. Kinematic viscosity relative to pure water at 4°C for antifreeze solutions freezing at -40°C 
Density.  The density results show that in all cases, the tested solutions increased the density of the 
antifreeze solutions. Figure 14 shows the density of each tested solution and pure water at 25°C. As the 
additive concentration increased, the density of the solution increased. Potassium acetate showed the most 
significant increase in density, while propylene glycol showed the least. None of the solutions showed a 
significant change in the magnitude of the antifreeze solution density relative to pure water. Propylene 
glycol presents a documented anomaly in density where, as the concentration increases, the density 
initially rises and then falls back towards the density of pure propylene glycol [40]. This anomaly can be 
attributed to molecular interactions between propylene glycol and pure water, and lends itself to the 
unpredictability of solution properties. In general however, the increase in solution density with 
concentration can be explained through simple mixing theory. In most cases, when the solute dissolves 
into the solvent, the molecules pack together and the smaller molecules fill the spaces between larger 
molecules, creating a tighter packing in liquids and solids alike. In the case of ionic salts, water molecules 
attach themselves to cations and anions and pull them apart, creating the same tighter packing effect. As a 
result, theoretically an increased solution density should result in smaller, denser droplets at the spray 
nozzle upon discharge.  
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Figure 14. Density of each test solution and pure water at 25°C. 
Surface tension.  The results of the surface tension testing show that in all cases, the tested solutions 
decreased the surface tension of the antifreeze solution. Figure 15 shows the relative surface tension of 
each test solution as compared to pure water. As the additive concentration increased, the surface tension 
of the solution decreased. Propylene glycol had the most significant effect on surface tension, while 
betaine had the least. Betaine presented an interesting case where the surface tension of the pure water 
was not significantly affected by additive concentration. This may be linked to the polarity of the betaine 
molecule itself, but in general, most additives interfere with the polarity of water molecules and their 
ability to attract one another. As a result, theoretically, a lowered surface tension should better facilitate 
the breakup of the water stream into droplets at the spray nozzle, creating smaller droplets overall.   
 
Figure 15. Relative surface tension of each tested solution as compared to pure water. 
Opposing theoretical effects.  Based on the property testing and spray testing, there are opposing 
theoretical effects on the droplet size depending upon which variable is examined.  In general the tested 
solutions should have: 
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 Larger droplets at higher viscosities than pure water 
 Smaller droplets at higher densities than pure water 
 Smaller droplets at lower surface tension than pure water 
 Smaller droplets at higher pressures in all cases 
Live spray tests at both low and high pressures did not appear to cause any noticeable change in 
the spray pattern based on solution concentration or type. While these observations need to be confirmed 
through droplet size analysis using a Doppler laser, they may indicate that small changes in surface 
tension, density, and viscosity have minimal effect on the spray performance at room temperature. Given 
that the densities and surface tensions of the solutions did not alter significantly with respect to 
temperature in previous spray performance tests, density and surface tension appear less dominant in the 
scope of this work as confirmed by Lefebvre [41]. 
Based on the solution properties examined effecting spray performance, this leaves viscosity as 
the dominant property influencing droplet size. Since viscosity increases exponentially as the temperature 
decreases, this appears to be the most significant property to consider of the three. Previous research 
indicates that changes in viscosity have an effect on the system hydraulics, the pressure drop calculations 
necessary to construct a system, and achieve proper operating pressures [13]. Viscosity is linked to 
droplet size in this respect as pressure is the most significant factor influencing droplet size aside from 
orifice diameter. In the worst case scenario, the viscosity increases to a level where the pressure in the 
system can no longer produce a spray. This threshold viscosity cannot be verified without an accurate 
method to study droplet size, but the exponential increase in viscosity seen in propylene glycol and 
glycerine may be a cause for concern when discharging at low temperatures.  
Potential risk of system failure 
The major liquid properties that present failure concerns in idle systems include both corrosivity and 
volumetric expansion coefficient. While one property may not cause failure alone, corroded joints or 
fittings in combination with increased pressures due to volumetric expansion may cause serious leaks or 
pipe bursting under certain conditions. In the absence of corrosion inhibitors, the antifreeze solutions had 
a much greater impact on the copper samples than the stainless steel. In all cases, the volumetric 
expansion coefficient of the antifreezes was higher than pure water, which means an expansion vessel 
may be required in the system as in traditional sprinkler systems. The data collected from these tests 
inform the selection of an antifreeze solution that fits the corrosion and expansion limits of the application 
the system is designed for. The major results of each liquid property are presented and discussed as 
follows.  
 
Corrosion.  The results from the laboratory immersion corrosion tests showed that antifreeze solutions 
were more corrosive to the copper alloy than pure water. In the absence of corrosion inhibitors, these 
corrosion rates are not indicative of what would happen with commercially available antifreeze. However, 
the results of the copper alloy test are still pertinent. The results represent the worst case scenario in a 
system where a -40°C concentration is used and the corrosion inhibitors have become ineffective. These 
tests revealed the trend in which potassium acetate and betaine were significantly more corrosive than the 
other solutions.  
The results of the stainless steel corrosion tests were inconclusive. The mass loss of the most 
corroded sample was 0.0003 g, which was at the minimum limits of the analytical balance. The mass loss 
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in all of the stainless steel samples was so insignificant that these values do not show any form of a valid 
trend. This is most likely due to the typical formation of a protective oxide layer which must be broken 
down prior to the corrosion of the interior material. The duration of corrosion testing was not long enough 
to break through the oxide layer.  
Table 3. Corrosion rates (μm/yr) of copper and stainless steel samples 
  Copper Stainless Steel 
Betaine 66.152 0.155 
Glycerine 4.080 0.111 
Propylene Glycol 8.094 0.133 
Potassium Acetate 42.528 0.210 
Water 1.962 0.218 
  
According to [42], the limit of the allowable amount of corrosion in a fire suppression system 
with antifreeze is 20 μm/yr on either copper or stainless steel. It is seen from the results from the 
laboratory immersion corrosion test in Table 3, that only betaine and potassium acetate on the copper 
samples exceeded this limit. In the absence of corrosion inhibitors, this is not necessarily a true indication 
of how an antifreeze would perform during an idle system period, but it does reveal which antifreezes are 
causes for concern.  
Volumetric expansion coefficient.  According to the experimental results, the -40°C concentration solution 
of propylene glycol had the highest volumetric expansion coefficient of all the tested solutions. Results 
also showed that all antifreeze solutions had a higher volumetric expansion than pure water. The trend 
found was volumetric expansion is a function of concentration as seen in Figure 16.  
 
Figure 16. Summary of the volumetric expansion coefficients of antifreeze solutions compared to water 
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Together, the effects of corrosivity and volumetric expansion have a greater potential to cause 
system failure, than if isolated. Joints or fittings may be weakened by corrosion or age, which could 
potentially cause leakage. The volumetric expansion would provide an additional force to cause leakage 
[43]. If the volumetric expansion of potassium acetate or betaine was strong enough to induce leakage, the 
corrosion on the exterior of the pipe could be additional source of failure. This concern is not as relevant 
in the case of propylene glycol or glycerine, as these are less corrosive solutions. If volumetric expansion 
does amount to be a concern in a system, the addition of an expansion vessel can alleviate the problem. 
This prevents additional pressure on the joint, fittings, and pipe by allowing for expansion to occupy a 
different part of the system.  
 
Summary of key study variables 
Each antifreeze was found to have advantages and disadvantages/limitations. In some cases, these 
limitations were severe enough that use of these antifreeze solutions is not suitable for water mist 
systems. In other cases, the specific application will dictate if a particular solution is suitable such as in 
the case of life safety concerns, high corrosivity, or volumetric expansion. The results of this study show 
no real trends across variables, making predictions difficult without testing. Table 4 summarizes the test 
data and ranks each solution from the highest property value to the lowest for comparison. All tested 
antifreeze solutions increase the density, viscosity, volumetric expansion coefficient, and corrosivity of 
pure water and decrease the surface tension of pure water. Propylene glycol, glycerine, and betaine 
increased the HRR of the fire, while only potassium acetate had an extinguishing effect greater than pure 
water. The ideal antifreeze solution will have a high surface tension and low viscosity, density, expansion 
coefficient, and corrosivity and will decrease the HRR of a fire. None of the tested solutions fit this model 
other than water, which highlights the unpredictable nature of solution properties.  
Table 4. Summary of the study variables ranked from highest to lowest property value. 
  Surface Tension Viscosity Density 
Expansion 
Coefficient 
Corrosivity 
HRR 
Contribution 
High Water Glycerine 
Potassium 
Acetate 
Propylene 
Glycol 
Betaine 
Propylene 
Glycol 
 
  
 
Betaine 
Propylene 
Glycol 
Glycerine Glycerine 
Potassium 
Acetate 
Betaine 
  Glycerine Betaine Betaine Betaine 
Propylene 
Glycol 
Glycerine 
  
Potassium 
Acetate 
Potassium 
Acetate 
Propylene 
Glycol 
Potassium 
Acetate 
Glycerine Water 
Low 
Propylene 
Glycol 
Water Water Water Water 
Potassium 
Acetate 
 
From these results however, recommendations regarding specific solutions at relative 
concentrations and pressures can be made. Table 5 represents the foundation of a simple decision model 
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based on the research presented in this work. This model classifies the tested antifreeze agents by 
suitability and ranks them as suitable, potentially suitable, or not suitable for a water mist system. The 
primary consideration in this model was the fire scenario interactions measured in the room-scale HRR 
tests. Secondary considerations included life safety concerns such as smoke and solution properties such 
as extreme viscosity changes and high corrosivity. These secondary considerations are listed with the 
suitability in Table 5. 
 
Table 5. Suitability of tested antifreeze solutions for use in water mist systems 
  Antifreeze Agents    
Pressure Concentration Glycerine Propylene Glycol Betaine 
Potassium 
Acetate 
Low -20°C Potentially 
- smoke hazard 
Suitable N/A Potentially 
- corrosive 
Low -40°C Potentially 
- smoke hazard 
- viscosity 
Potentially 
- viscosity 
Potentially 
- corrosive 
Potentially 
- corrosive 
High -20°C Potentially 
- smoke hazard 
Suitable N/A Potentially 
- corrosive 
High -40°C Not Suitable 
- discharge ignition 
- smoke hazard 
- viscosity 
Not suitable 
- discharge ignition 
- viscosity 
Not suitable 
- discharge   
ignition 
- corrosive 
Potentially 
- corrosive 
 
From the results of this study, the solution flammability was proven to be a function of both 
concentration and system pressure. At a certain concentration, those solutions that are flammable ignite 
and increase the HRR of the fire. At a certain threshold droplet size, as seen in the high pressure tests, 
discharges of flammable liquid will ignite as well. Therefore, high pressure, -40°C concentration 
solutions such as propylene glycol, glycerine and betaine are not suitable for use in water mist systems. 
All other solutions at both low and high pressure would be suitable for use pending the secondary 
considerations.  
In the case of potassium acetate and betaine, corrosion of the piping materials was above the 
allowable limit of 20 μm/yr on copper, but below it on stainless steel [42]. Although the corrosion tests 
were conducted in the absence of corrosion inhibitors, this is still an indication of which antifreeze agents 
would be a cause for concern. While corrosion was not tested at -20°C concentrations, it is expected that 
corrosion will occur with all salt solutions to some extent. Therefore all concentrations of potassium 
acetate will have to be monitored and are only listed as potentially suitable, despite the firefighting 
effectiveness. Additionally, fire interaction tests were not conducted for -20°C concentration betaine and 
therefore no recommendation can be made for suitability of this antifreeze agent under these conditions.  
All glycerine solutions that suitable according to the HRR testing were, at best, considered 
potentially suitable due to the significant smoke produced during discharge. This is primarily a life safety 
concern, but could also be a limitation in applications where smoke damage is a concern. Both -40°C 
concentration propylene glycol and glycerine have concerns involving viscosity at temperatures near the 
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freezing point of the solution. Although the magnitude of change in the droplet size is still unknown, 
larger droplet sizes are predicted based on underlying theory, which if large enough may put the system 
out of the droplet size range necessary for water mist. 
Neither density nor surface tension had large enough variations from water to be considered a 
concern at any tested concentration. Volumetric expansion coefficient however, did vary significantly in 
some cases. This issue has been resolved in traditional sprinklers through the addition of expansion 
vessels in system piping and may be applied to water mist systems as well, pending further study.  
The data presented in Table 5 represents a simple tool which can be used to select antifreeze 
agents for further consideration, testing, and design purposes. The fire interaction results represent the 
first elimination method, but depending on the application, secondary concerns such as life safety, 
corrosion, or volumetric expansion may eliminate antifreeze agents from consideration. From this model, 
conclusions can be drawn about the suitability of antifreeze for use in water mist fire protection systems.  
Conclusions 
The data developed in this study is useful to inform the design and development of water mist systems for 
subfreezing environments incorporating antifreeze. An analysis of the results including the measured 
contribution of each antifreeze solution to the HRR of the fire, the individual material properties of the 
solution with respect to spray performance, agent induced potential risk of system failure, and other 
observations from the room-scale testing. From this study, the following can be concluded: 
 High pressure, -40°C concentration solutions of propylene glycol, glycerine, and betaine should 
be avoided due to their flammability in droplet form and ignition concerns.  
 High pressure, -20°C concentration and low pressure at both concentration solutions of propylene 
glycol, glycerine, and betaine showed a less significant change in HRR and may be considered 
for use in water mist systems.  
 At all pressures and concentrations studied, glycerine presents a potential life safety hazard due to 
the significant volumes of smoke created. 
 At all pressures and concentrations studied, potassium acetate significantly reduces the HRR of 
the fire, but may be limited in application due to corrosivity.  
 At all pressures and concentrations studied, betaine performed similarly to propylene glycol and 
glycerine, but may be limited in application due to corrosivity concerns with copper materials.  
 -40°C concentrations of propylene glycol and glycerine may have a significant effect on spray 
performance due to the exponential increases in viscosity at the temperatures approaching the 
solution freezing point. 
Our research indicated that droplet size is a highly significant factor in spray performance and fire 
scenario interactions. Additional research that measures droplet size and distribution should be conducted 
and documented. A droplet analysis can be used to determine the significance of increasing viscosities at 
subfreezing temperatures on the spray performance properties. Furthermore, this analysis will confirm 
that an antifreeze solution being discharged is a water mist at varying temperatures. Given that viscosity 
increases exponentially as compared with the incremental increases witnessed in both density and surface 
tension, this analysis will confirm that viscosity should be the focus of further antifreeze application in 
water mist systems. 
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